Although membrane bioreactors (MBRs) technology is still a growing sector, its progressive implementation all over the world, together with great technical achievements, has allowed it to reach a mature degree, just comparable to other more conventional wastewater treatment technologies. With current energy requirements around 0.6-1.1 kWh/m 3 of treated wastewater and investment costs similar to conventional treatment plants, main market niche for MBRs can be areas with very high restrictive discharge limits, where treatment plants have to be compact or where water reuse is necessary. Operational costs are higher than for conventional treatments;
INTRODUCTION
Membrane bioreactors (MBR) can be defined as activated sludge systems where the secondary settling has been replaced by a filtration step by using microfiltration or ultra filtration membranes with porous size comprised between 0.01 and 2 μm to produce a very good water quality effluent, free of suspended solids and microorganisms (Poch & Lema ) . Membrane filtration in wastewater treatment processes does not need tertiary treatment and significantly reduces the size of the bioreactor.
One of the main operational problems of MBR technology is still the fouling phenomena, which are responsible for the permeability decrease during filtration. The fouling phenomena occurs due to diverse factors like biomass cake formation on the membrane surface, porous reduction due to deposit or precipitation of organic and inorganic compounds and porous obstruction with suspended compound which have similar size to the pore. It leads to a loss of membrane permeability, i.e., volume of filtered permeate divided by time unit, membrane surface unit and pressure or applied vacuum unit. Fouling can be reduced through the influent pre-treatment, treating fluxes at the average flow which are below the optimised point, carrying out periodical physical cleaning of the membranes (backwashing in hollow fibre membranes or relaxation in flat sheet membranes and air scouring of the membranes with gross bubbles) and chemical cleanings (preventive, maintenance or intensive) ( Judd ; Wallis-Lage & Levesque ).
Thus, in spite of its advantages, MBR technology increase operational costs with respect to the use of conventional activated sludge, due to the greater electric energy consumption and the need to replace membranes. However, MBR use can always be justified in the case of: • In 2005, the capacity range of the MBR units was of about 60-600 m 3 /d for industrial applications (ideal size for "package plants") and 600-8,000 m 3 /d (IE 1,000-16,000) for municipal references.
• While the industrial market is considered mature and stable, in the municipal one further growth is expected.
Operational and investment costs
The exponential growth in MBR industry in the last decade has caused an increase in the number of manufacturers, which has gradually reduced the costs for MBR equipment and material. Hence, the capital costs of an MBR plant became very competitive with conventional activated sludge plants (Wallis-Lage & Levesque ). Depending on the size and local conditions, investment costs could be around 200 and 400 €/IE. With respect to operational and maintenance costs, they have also experienced a significant reduction during recent years, but still they are higher than in conventional activated sludge systems, mainly due to energy requirements. Energetic requirements in MBRs suppose approximately 30% of the total operational costs, from which the main part corresponds to the membrane aeration (2/3 of the total energy requirements) and pumping energy represents 14% of the total energy. Historically, MBR energy requirements are about 1.5 to three times higher than for conventional activated sludge systems. According to 2008 data, the specific energy requirement for modern and optimised MBRs is still around 0.6-1.1 kWh/m 3 (while from 0.38 to 0.48 kW/m 3 for conventional activated sludge systems, Günder & Krauth ). So, then, energy requirements are still higher than the ones required by conventional activated sludge with tertiary disinfection (sand filtration þ UV or tertiary filtration with micro or ultra filtration, Lesjean et al. ). Thus, in spite of the significant decrease in the operational and maintenance costs, there is still a need for energy saving and optimisation. Actually, most of the actual MBR research is focused on improving the knowledge of the interactions between biological and filtration processes, with the aim to minimise fouling and therefore optimise and save operational costs, without losing water effluent quality (Muñoz et al. ) , keeping a minimum life time for the membranes and limiting membrane replacement costs.
The current paper presents the development and application of a knowledge-based decision support system (DSS) for the integrated operation and remote control of MBR processes. The core of the DSS is an automatic control module for air consumption automation and energy consumption optimisation.
MATERIALS AND METHODS

UCT-MBR Pilot plants
The automatic control system of the membrane aeration has been validated in three pilot plants that treat conventional urban wastewater (Table 1) . After the first pre-screening system the pilot plants are equipped with a University of Cape Town (UCT) configuration to remove simultaneously, C, N and P (Monclús et al. a, b) . The main differences between the plants are the working volume (2 m 3 , 13 m 3 and 15 m 3 ), the instrumentation, and the membrane configuration (Microza-Asahi Kasei hollow fibre membrane in the smaller pilot plant, FS50-Kubota flat-sheet and Zenon Zeeweed 500a hollow fibre in the bigger pilot plant) and its membrane surface (12 m 2 , 40 m 2 and 45 m 2 respectively).
The pilot plants have installed pH, ORP, conductivity, DO and temperature sensors. Two pressure transducers are installed to measure the transmembrane pressure (TMP). Moreover, the pilot plants are provided with a programmable logic controller (PLC) and supervisory control and data acquisition (SCADA) system that gather, filter and store digital and analogical data and control all the automatic control loops of the plant: aeration, permeate and backwash fluxes, relaxation time, hydraulic retention time (HRT), sludge retention time (SRT) and mixed liquor suspended solids (MLSS) concentration and recycle flows. All the data is accessible remotely via a developed control access (www.colmatar.es).
A schematic representation of one of the MBR pilot plants is shown in Figure 1 .
ARCHITECTURE OF THE DECISION SUPPORT SYSTEM
The decision support system controls and supervises remotely the biological nutrient removal and the membrane filtration process (Comas et al. ; Rodriguez-Roda et al. ) . It is located hierarchically on top of the conventional supervisory control and data acquisition systems. Figure 2 illustrates the multi-level architecture of the DSS and the flow of information among the different levels, a lower one responsible for data acquisition and processing, a medium level in which the optimising control system is located and a higher level that supervises the control module on knowledge basis. The lowest level of the DSS is responsible for data gathering and signal processing. It does not only take, filter and validate the on-line data provided by sensors and equipment (e.g. transmembrane pressure, wastewater flow rates, air flow rate, temperature, dissolved oxygen, etc.) but also integrates additional qualitative and quantitative data provided by the laboratory and/or process operators (e.g. extracellular polymeric substances (EPS), chemical oxygen demand (COD), protozoa biodiversity, sludge viscosity, filterability, mixed liquor suspended solids (MLSS), NO x À etc.). Data are gathered every 10 s and, as validation tasks, data corresponding to relaxation or backpulse periods are excluded; the filter focused to remove outliers is then applied as follows: a median for each cycle is calculated and all data higher or inferior to a fixed percentage of the median are excluded; an average for each cycle with these filtered values is calculated; and, finally, hourly and daily average values on the base of the average values per cycle and per hour respectively are calculated. Qualitative and quantitative data are manually uploaded into the system if the facility does not have on-line sensors for MLSS, NOx, EPS and the data is used by the supervision module for determining the deactivation or activation of the control. The relevant data are stored in a dynamic database (MySQL). The medium level consists of a knowledge-based (KB) control for energy reduction based on permeability trends automatically calculated by the data acquisition and signal processing level; a series of saving control actions are hierarchically activated. If the MBR is operating with constant flux the aeration is gradually increased or reduced depending on the comparison of the current permeability trend (the slope of the daily averaged permeability values of the last few days) and a reference permeability trend (the mobile slope of the daily averaged permeability values of a larger period). Additionally, the control system automatically reduces the air-scour of the membranes when a permeate flow lower than the daily average flow is detected. The KB control is only activated when the loss of permeability evolves according to standard rates (considered to be inferior to a daily permeability loss of 30%, but the value can be calibrated depending on a specific case), and no other critical problems, such as malfunctioning, alarms and/or equipment failure, affect the process. When the optimisation control is activated, a special plan to monitor the potential adverse effects on the process performance (e.g. clogging, biofouling, etc.) is launched, restoring safe mode status in the case of any significant warning.
Finally, the top level consists of an expert system that monitors the control module in the case of operational problems or start-up phases. For instance, during a start-up it receives all the processed data from the lower level and maintains the design operation strategy while a set of expert rules controls the growth of biomass to reach the optimal level advised by the manufacturer. At the same time, this module regulates the set points of the control loops in order to accelerate the achievement of biological nutrient removal. When the process is under start-up mode, the KB control for energy and chemicals optimisation is deactivated. In the case of operational problems, it includes specific sets of rules for mechanical equipment or electrical failure (e.g. damaged or clogged pumps, air system failure), for poor performance of the biological nutrient removal process (e.g. lack of nitrification, poor denitrification) and for microbiology-related problems.
RESULTS AND DISCUSSION
During the two years of experimentation, the pilot plants were operated under different conditions, such as different F/M ratios, recycles, inflows, MLSS concentrations (Monclús et al. a, b) , and with constant or variable permeate flux. The wide range of operational conditions experimented with allowed to design and implement a robust control system able to adapt to multiple scenarios. Moreover, different experiments with diverse air-scour patterns were carried out, e.g., variable air-flow (air-flow proportional to the permeate flow) and constant air-scour up to 20% lower than the minimum recommended by the membrane's suppliers. The algorithm, which is the core of the control system, sets its basis on the permeability trend. Data are gathered every 10 s and calculations of permeability, flux corrected by temperature and permeability corrected by temperature are carried out on line by the control system. All values of TMP, permeability and permeate flow rate are then automatically filtered and average values for each cycle are calculated as previously described. In Figure 3 a typical trend of the three key parameters of the process is illustrated.
During our experimentation the current evolution of permeability (slope of the last four daily values of the averaged permeability) is compared to a reference value (the mobile slope of a longer period, 14 days in the presented results). If the current value is below the reference value (in absolute values) a favourable condition is detected and a reduction of the aeration flow is applied, proportionally to the ratio between the last 4 and 14 days, permeability slopes. Additionally, the control system is programmed to automatically reduce membrane aeration when a permeate flow lower than the daily average flow is detected.
In Figure 4 a weekly trend of permeability and permeate flow during a specific trial with the flat sheet MBR pilot plant is shown (El Vendrell WWTP). In this case the established air flow pattern was following the permeate flow evolution, and low air flow was set when the treated permeate flux was minimum. In such conditions energy saving of 6% was achieved. Figure 5 resumes five months of experimentations with one of the hollow fibre MBR pilot plants; different operational strategies and their effect on the process key parameters can be observed. In a first period (A) clean membranes were operated under constant fluxes of 21 and 23 LMH with the constant aeration recommended by Zenon for its ZeeWeed 500a module (∼20 m 3 /h). The aeration was then diminished manually in two steps, reducing the aeration by 9% and 16% respectively (B and C periods) to test if an aeration reduction was feasible without compromising the filtration process performance, and no significant variation in the permeability trend was observed.
The following period (D) was characterised by numerous tests aimed to validate the reliability of the programmed rules from a computational point of view. Period E represents the automatic control with a first control strategy, where the permeability slope of the last 4 days was compared to a fixed reference slope of 14 days calculated right after the start-up (which was considered to be ended when a MLSS concentration of 5 g/L and sludge filterability higher than 5 mL/5 min were achieved). The control strategy adopted with a fixed reference slope was shown to be inappropriate, as the reference slope was always greater than the current slope; the fact can be justified considering that a clean membrane has a much higher propensity to foul and therefore cannot be considered as a reference for the whole experimentation. The new strategy adopted as reference the mobile permeability slope of the last 14 days previously described (period F) and the results were considerably positive, with an average of 13% and a maximum of 21% of saved energy, without any negative influence on the filtration process.
CONCLUSIONS
This study showed that a decision support system can lead to an enhanced reliability of the filtration process in membrane bioreactors by means of robust data acquisition and processing procedures. It was demonstrated how the successful validation of the knowledge-based aeration control, based on permeability trends, permitted to save up to 21% of the electric energy necessary for the air-scour of the membranes without visibly interfering with membrane fouling. And, generally, it was proven to be an important tool capable of optimising the performance of filtration processes and reducing operational costs, bringing MBR systems to a very competitive level at both small and large scale. Further investigations are currently being carried out in order to validate at full scale the control system and refine the knowledge-based supervision module.
